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Hypermethylation of miRNA-589 promoter leads
to upregulation of HDACS which promotes
malignancy in non-small cell lung cancer

CHANGHONG LIU', DESHENG LV', MO LI', XUEFEI ZHANG!,
GE SUN!, YU BAI' and DONGMIN CHANG?

1Department of Thoracic Surgery, The Second Affiliated Hospital of Dalian Medical University,
Dalian, Liaoning 116021; 2Departrnent of Surgical Oncology, The First Affiliated Hospital
of Xi'an Jiaotong University, Xi'an, Shaanxi 710061, P.R. China

Received January 25, 2017; Accepted March 20, 2017

DOI: 10.3892/1j0.2017.3967

Abstract. Histone deacetylases (HDACS) are crucial for
regulating chromatin activity, which plays a critical role in
cell proliferation, differentiation, and apoptosis of various
cancers. Therefore, HDAC inhibitors have been applied as
effective therapeutic agents for cancer treatment. However,
the expression profiles and regulatory mechanisms of histone
deacetylases in lung cancer are not well understood. In the
present study, aberrant high levels of HDACS were observed
in non-small cell lung cancer (NSCLC) and further analysis
indicated a negative relationship between HDACS and a tumor
suppressor, miR-589-5p, in NSCLC specimens. Consistently,
miR-589-5p reduced the expression of HDACS by targeting
the 3'UTR of HDAC5 mRNA in NSCLC cells. Considering
the loss of miR-589-5p in NSCLC, the methylation status of the
miR-589 gene promoter was examined. The hypermethylation
of the miR-589 gene promoter was more significant in NSCLC
cells compared with lung epithelial cells, and methylation
inhibition by 5-aza-2-deoxycytidine (5-Aza-dC) decreased
HDACS expression. Furthermore, several downstream gene
clusters of HDACS5 were studied in the present investiga-
tion. As a result, miR-589-5p/HDACS pathway was found to
regulate a number of cell cycle and epithelial-mesenchymal
transition (EMT)-related genes in NSCLC cells. In vitro and
in vivo phenotype experiments revealed a critical role of
miR-589-5p/HDACS pathway in the migration, invasion, and
tumorigenicity of NSCLC cells. These findings demonstrate a
novel mechanism for deregulation of HDACS in NSCLC and
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suggest that miR-589-5p/HDACS pathway may represent a new
prognostic biomarker and therapeutic target against NSCLC.

Introduction

Lung cancer has become one of the major causes for cancer-
related deaths in the last few years, most cases of which
are non-small cell lung cancer (NSCLC). Although, in the
past decade, target therapy such as epidermal growth factor
receptor (EGFR) antagonist has been applied in NSCLC treat-
ment, mutations of target genes and drug resistance damaged
the curative effect of target therapy (1). As a novel therapeutic
strategy, epigenetics approach impairs the drug resistance
resulted from cancer heterogeneity by regulating the cluster of
tumor suppression genes. Among these epigenetics approaches,
hypomethylating agents and histone deacetylase (HDAC)
inhibitors have been widely used in clinical treatment of
various tumors including lung cancer (2). However, the tumor-
related genes and signal pathways targeted by epigenetic
therapy are largely unknown.

Histone deacetylases (HDACS) are the critical enzymes that
catalyze the removal of acetyl groups from the lysine residues
within histones. Therefore, HDAC family displays a determi-
nant role in transcriptional regulation by controlling chromatin
condensation. Based on their structure and homology, human
HDAC:Ss have been classified into four classes (classes I, II, I11
and IV) (3). HDACS belongs to class II HDACs (4-10) which
play a crucial role in tumorigenesis (4,5). In the present study,
overexpression of HDACS5 was found to be closely associ-
ated with activation of tumor drivers and inhibition of tumor
suppressors in NSCLC cells. Consistently, numerous studies
showed that HDACs are aberrantly expressed in various cancer
types and then change the epigenetic status which blocks the
expressions of tumor suppressors (6). Consequently, abnormal
expressions of HDACs promote cell proliferation, invasion
and even resistance to multi-drugs which contribute to a poor
prognosis in different cancers (7,8). Although some members
of HDAC:s have been well investigated in several cancer types,
the molecular mechanisms for the functions and deregulation
of HDACS in human NSCLC remain unclear.
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Earlier research found that overexpression of miR-589
partially reversed the TGF-p1 induced epithelial-mesenchymal
transition (EMT) change of human peritoneal mesothelial
cells (9). Although, as an important microRNA, miR-589 were
rarely studied in tumor progression until recently. Li et al
reported that miR-589 was significantly downregulated in
cisplatin-resistant A549, and transfection with miR-589
resulted in an increased sensitivity to cisplatin (10). A later
study showed that miR-589-5p could downregulate the stem-
ness characteristics of CD90* cancer stem cells (CSCs) of
HCC in part by silencing MAP3KS (11). Our findings revealed
that the loss of miR-589-5p by hypermethylation accelerated
NSCLC development through increasing the expression of
HDACS.

In the present study, higher expression of HDACS5 accom-
panied with decreased miR-589-5p was observed in NSCLC
compared with normal tissues. Furthermore, miR-589-5p
significantly reduced HDACS expression by targeting the
3'UTR of HDAC5 mRNA. Promoter hypermethylation of the
miR-589 gene was also observed in NSCLC cells, but not in
lung epithelial cells, which caused the loss of miR-589-5p.
Consequently, aberrant regulation of miR-589-5p/HDACS
pathway promoted the cell cycle and EMT-related gene clus-
ters and then conferred the aggressiveness of NSCLC cells.

Materials and methods

Cell culture and drug treatment. Human NSCLC cell
lines A549, H1299, and human lung epithelial cell line
BEAS-2B were purchased from the American Type Culture
Collection (ATCC). A549 and H1299 cells were cultured in
Dulbecco's modified Eagle's medium (DMEM, Corning)
supplemented with 10% fetal bovine serum (FBS, Gibco),
100 U/ml penicillin, and 100 U/ml streptomycin. BEAS-2B
cells were cultured in RPMI-1640 (Corning) supplemented
with same additive. All cells were grown at 37°C in 5% CO,.
A549 and H1299 cell lines were treated with 5-Aza-dC
(Sigma) at a final concentration of 4 uM.

Ethics approval. All procedures performed in studies
involving human participants were in accordance with the
ethical standards of the institutional and/or national research
committee and with the 1964 Helsinki declaration and its later
amendments or comparable ethical standards.

mRNA and miRNA quantification. TRIzol reagent was used to
extract total RNA. miRNA was amplified using the TagMan
MicroRNA Reverse Transcription kit (Applied Biosystems).
Mature miR-589-5p transcript levels were measured with
TagMan MicroRNA assay primers (Applied Biosystems) and
the mRNA levels of indicated genes were measured using
SYBR Premix Ex Taq™ (Takara). miRNA or mRNA levels
were quantified with the ABI PRISM 7500 real-time PCR
system (Applied Biosystems).

DNA sodium bisulfite conversion. Genomic DNA was
extracted from indicated cells by phenol-chloroform technique.
Bisulfite conversion was performed as described (12). Specific
primers for converted promoter region were used to generate
PCR product. Forward, TTTTGGAGTTTTTTTTGGTTTTT;
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reverse, CAAAAACAAAACCAAAATCA. PCR products
were cloned in pUCm-T followed by sequencing with T7
primer.

QOPCR array. The high-throughput profiling of gene clus-
ters were analyzed by The ExProfile™ Gene qPCR array
(GeneCopoeia) according to the manufacturer's instructions.
In 96-well plate, there are 50 pairs of QPCR primers and
12-wells of controls which are used to monitor the efficiency
of the entire experimental process (from reverse transcription
to gPCR reaction). A cDNA pool, containing reverse transcript
products from total RNA of the indicated cells, was used as
the qPCR validation template.

CCK-8 assay. Cells in logarithmic growth were plated and
transfected. After indicated time of culture, CCK-8 (Cell
Counting Kit-8) (Dojindo Molecular Technologies, MD, USA)
was added, and the OD450 was measured using an automatic
plate reader.

Cell cycle analysis. Cells were treated with the indicated
reagents and fixed in 70% ethanol overnight. Fixed cells were
treated with 100 mg/ml RNaseA (Roche) before addition of
50 mg/ml PI (Sigma) and analyzed by FACSCalibur flow
cytometer.

EdU incorporation assay. The indicated cells were seeded
in 96-well plates. DNA synthesis was assessed using the
Cell-Light EdU (5-ethynyl-2'-deoxyuridine) DNA Cell
Proliferation kit (RiboBio) according to the manufacturer's
instructions. Images of the cells were captured with a fluo-
rescence microscope. ImagelJ software was used to count the
fluorescent points.

Wound healing assay. Transfected cells were grown to
80% confluence in 6-well tissue culture plates and wounded
with a sterile tip to remove cells by perpendicular linear
scrapes. After that, the cells were cultured for 24 h. The wound
was photographed and quantified immediately after wounding
and again 24 h later.

Cell invasion assays. Cell invasion were assessed in Boyden
chambers with Matrigel according to the manufacturer's
protocol (Invitrogen). First, an 8-mm-porosity polycarbonate
membrane was covered with 200 ul of serum-free medium
containing 1x10° cells per well. The plates were then incubated
with 10% FBS medium for 48 h at 37°C in a 5% CO, incubator.
The invasion cells on the bottom surface of the filter were
fixed, stained, and counted using optical microscopy.

Colony formation in soft agar. For colony formation experi-
ment, cells were suspended in 0.3% agar and seeded into
6-well plate pre-coated with 1.0 ml of 0.6% agar. Medium was
changed every 5 days for three weeks. The number and size of
colonies were examined and data were obtained by analyzing
with ImagelJ software.

Nude mouse xenograft assay. Twenty-five female BALB/c nude
mice were injected with A549 cells with stable overexpression
of miR-589-5p or HDACS. All of the mice were randomly
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divided into five groups (n=5 of each group), and each received
a subcutaneous injection of a viable cell suspension mixture
(5x10%) containing 90% of A549 cells with indicated trans-
fection. When the tumors could be palpated, tumor size was
measured using calipers every three days. All of the mice were
sacrificed on the fifth week after injection, and the individual
tumors were weighed.

Immunohistochemistry. The study was performed with the
approval of the Ethics Committee of The First Affiliated
Hospital of Xi'an Jiaotong University and the Second of
Dalian Medical University. NSCLC tissues were collected
by needle biopsy or surgery from 190 patients at The First
Affiliated Hospital of Xi'an Jiaotong University (Xi'an, China)
and The Second of Dalian Medical University (Dalian, China)
from 2008 to 2010. All specimens were fixed in 10% neutral
formalin, embedded in paraffin and cut into 4-ym sections
for immunohistochemical staining. The EnVision™ two-step
method was used (Dako, Hamburg, Germany), as well as the
following antibody: antibody against HDACS. To estimate
the score for each slide, at least 10 individual fields at 200X
were chosen, and 100 cancer cells were counted in each field.
The immunostaining intensity was divided into four grades:
0, no expression; 1, mildly positive; 2, moderately positive; and
3, markedly positive. The proportion of positive-staining cells
was divided into five grades: 0, <10%; 1, 11-25%; 2, 26-50%;
3, 51-75%; and 4, >75%. The staining results were assessed
and confirmed by two independent investigators blinded to the
clinical data. The percentage of positivity of the tumor cells
and the staining intensities were then multiplied in order to
generate the IHC score, and graded as 0-6, low expression;
7-12, high expression. Cases with a discrepancy in scores were
discussed to obtain a consensus.

Statistical analysis. All statistical analyses were carried out
using the SPSS 17.0 statistical software. Experimental data
were presented as mean + SD from at least three independent
experiments. The data were analyzed by Student's t-test.
Statistical analysis to evaluate correlation was performed
using Pearson's correlation analysis. A p<0.05 was considered
statistically significant.

Results

A significant negative correlation between miR-589-5p and
HDACS was found in NSCLC specimens. To characterize the
expression level of HDACS in NSCLC, immunohistochemical
analysis of tumor tissues from NSCLC patients was performed.
As demonstrated in Fig. 1A, different protein levels of HDACS
were observed in the NSCLC tissues from different patients.
Further study showed that high expression of HDACS was
positively correlated with lymph node metastasis, differentia-
tion status and TNM stage (P<0.05) but not with gender, age,
tumor size and histological type (P>0.05) (Table I). Also, the
5-year overall survival (OS) rate of HDACS high expression
group was significantly lower than that of HDACS low expres-
sion group (13.41 vs 26.85%, P=0.0061) (Fig. 1B). Ectopic
expression of HDACS5 mRNA was found in NSCLC but not in
normal lung tissues (Fig. 1C). Consistent with previous study,
miR-589-5p, known as a tumor suppressor gene, was down-
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Table I. Correlation of the expression of HDACS with clinico-
pathological features in non-small cell lung cancer tissues.

HDACS
expression
Total - + ++ +++ P-value
190 24 69 72 25
Gender 0.7352
Male 132 18 51 45 18
Female 58 6 18 27 7
Age (years) 0.6278
<57 88 15 29 34 10
>57 102 9 40 38 15
Tumor size (cm) 0.1027
<3 76 10 39 19 8
>3 114 14 30 53 17
Histological type 0.2856
Squamous cell
carcinoma 63 8 25 21 9
Adenocarcinoma 106 14 36 44 12
Mixed/other 21 2 8 7 4
Lymph node metastasis 0.0262*
No 84 14 42 21 7
Yes 106 10 27 51 18
Differentiation status 0.0085*
Well 48 13 25 7 3
Moderate 85 7 36 34 8
Poor 57 4 8 31 14
TNM stage 0.0011*
/11 147 21 58 49 8
v 43 3 11 23 17
P<0.05.

regulated in NSCLC compared to normal tissues (Fig. 1D).
Notably, a statistically negative correlation between HDACS
mRNA and miR-589-5p was confirmed in NSCLC specimens
(Fig. 1E). The above findings reveal that overexpression of
HDACS found in NSCLC indicates a poor prognosis, and may
be associated with loss of miR-589-5p.

miR-589-5p targets the 3'UTR of HDACS and then reduces
HDACS expression in NSCLC cells. To verify HDACS as a
target of miR-589-5p, software TargetScan was applied to
predict putative interaction and a possible binding site within
the 3'UTR of HDACS5 was found to hybridize with miR-589-5p
(Fig. 2A). Furthermore, the expressions of miR-589-5p and
HDACS in lung epithelial or NSCLC cells were examined.
Upregulation of HDACS5 accompanied with decreased
miR-589-5p was observed in NSCLC cells compared with
lung epithelial cells (Fig. 2B-E). The expressions of HDACS at



2082 LIU et al: DEREGULATED miR-589/HDAC5 PATHWAY PROMOTES NSCLC MALIGNANCY
A HDACS expression level
score 0 score 1 score 2 score 3
o B _-: T SRR TE 9 TS P = T F —i.— T ‘—-— —“- ;-—
o 2 4 =
- b - ¢ r L g L™ W ? -‘!- &
¥ - P , . § a8
s . I 3
' . '
& ¢ o
vl . o
% “ '8 vl ¢
: > a TN
ﬁ. - Fl . - .
B C <
100 wde  HDACS low expression % 25+ p<0.0001
_H‘ = HDACS high expression 8 | I
- 80 ;gt 20+ I
s 5 454
g 9 5
€ ?
§ 40+ ~ 2 10+
& '. 5
201 p=0.0061 | g 5 % —te
©
0 € 0 S
0 20 40 60 80 100 =
Non-cancer Cancer
Survival month
D
E
& p<0.0001 0 r=-0.4975
g 500 I 1 p=0.0114
£ 400 5 21
‘E 300 I J,. i
g 200 u%
2 50 8 -6
5 40 x
® 30 E g
S 20 I .
= .
5 10 = -10 : : : -
© 0 T = -10 -8 6 -4 2
Non-cancer Cancer HDACS (-2.Ct)

Figure 1. A significant negative correlation between miR-589-5p and HDACS5 was found in NSCLC specimens. (A) The representative immunohistochemical
results of HDACS protein in NSCLC tissues (scale bar, 50 ym). (B) Kaplan-Meier survival curves for NSCLC patients divided by the levels of HDACS.
(C) Relative mRNA levels of HDACS5 in NSCLC tissues compared with normal tissues. (D) Relative expression of miR-589-5p in NSCLC tissues compared
with normal tissues. (E) miR-589-5p and HDACS5 mRNA expression levels negatively correlated in 25 clinical NSCLC samples. Statistical analysis to evaluate

correlation was carried out by Pearson's correlation analysis.

both mRNA and protein level were attenuated in NSCLC cells
transfected with wild-type miR-589-5p, but not with the mutant
(Fig. 2F and G). Knockdown of miR-589-5p in lung epithelial
cells using an anti-miRNA inhibitor specific for miR-589-5p
resulted in a significant upregulation of HDACS (Fig. 2H
and I). To determine whether HDACS is directly targeted by
miR-589-5p in NSCLC, HDACS 3'UTR fragment containing
a wild-type or mutant binding site was cloned into luciferase
reporter vector and the inhibitory effect of miR-589-5p was
measured by luciferase activity. It was found that the lucif-
erase signal of wild-3'UTR was reactively decreased by
miR-589-5p, but the mutant was not (Fig. 2J). Consistently,
only the luciferase reporter with intact 3'UTR was responsive
to miR-589-5p inhibitor (Fig. 2K). Hence, these data indicate
that miR-589-5p negatively regulates HDACS5 expression via
targeting the 3'UTR of HDACS5 mRNA.

Promoter hypermethylation of the miR-589 gene decreases
the level of miR-589-5p and promotes HDACS expression.
miR-589 is an intronic microRNA which is located at 7p22.1
and within intron 3 of the F-Box and leucine rich repeat
protein 18 (FBXL18) gene, and they are in the same tran-
scriptional direction (Fig. 3A). Further analysis showed that
the expression patterns of miR-589 and its host gene, FBXL1S,
in NSCLC cell lines or after 5-Aza-dC treatment seemed to
be similar, which suggested that they may share the same
promoter (Fig. 3B-D). In order to characterize the DNA meth-
ylation profile of the FBXL18/miR-589 gene promoter, DNA
bisulfate conversion coupled to sequencing was performed in
NSCLC and lung epithelial cells. A CpG island was predicted
using UCSC genome browser and focused on (Fig. 3A). High
DNA methylation levels of the CpG island, with 86.4% of
methylated CpGs in A549 cells and 77.4% in H1299 cells,
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Figure 2. miR-589-5p targets the 3'UTR of HDACS and then reduces HDACS expression in NSCLC cells. (A) The putative human HDACS5-3'UTR fragments
containing wild-type or mutant miR-589-5p binding sequence was inserted into the luciferase report vector pmirGLO downstream. (B-D) The different levels
of miR-589-5p (B), HDACS5 mRNA (C), and HDACS protein (D) were measured by qPCR and western blotting in two NSCLC cell lines, A549 and H1299, and
a lung epithelial cell line, BEAS-2B. (E) Quantitative analysis for (D). (F and G) The mRNA (F) and protein levels (G) of HDACS were measured by qPCR and
western blotting in A549 cells transfected with wild or mutant miR-589-5p. “P<0.05. (H and I) The mRNA (H) and protein levels (I) of HDAC5 were measured
by qPCR and western blotting in H1299 cells transfected with miR-589-5p inhibitor or not. ‘P<0.05. (J) Luciferase assay of A549 cells co-transfected with
the luciferase constructs containing the wild or mutant HDAC5-3'UTR as well as miR-589-5p mimics or scrambled oligonucleotides as the negative control.
"P<0.05. (K) Luciferase assay of H1299 cells co-transfected with the luciferase constructs containing the wild-type or mutant HDAC5-3'UTR as well as
miR-589-5p inhibitor or scrambled oligonucleotides as the negative control. "P<0.05.
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Figure 3. Promoter hypermethylation of the miR-589 gene decreases the level of miR-589-5p and promotes HDACS expression. (A) The hypermethylation
levels of the FBXL18/miR-589 gene promoter in A549, H1299, BEAS-2B, and 5-Aza-dC treated A549 cells were determined by bisulphite DNA sequencing
showing independent clones from each group. (B) The relative levels of FBXL18 were measured by qPCR in two NSCLC cell lines, A549 and H1299, and a
lung epithelial cell line, BEAS-2B. "P<0.05. (C) Relative level of FBXL18 in A549 cells after 5-Aza-dC treatment. “P<0.05. (D) Relative level of miR-589-5p
in A549 cells after 5-Aza-dC treatment. “P<0.05. (E and F) The mRNA (E) and protein (F) level of HDAC5 were measured by qPCR and western blotting in
A549 cells co-treated with 5-Aza-dC and miR-589-5p inhibitor. "P<0.05. (G) Relative level of miR-589-5p in H1299 cells after 5-Aza-dC treatment. "P<0.05.
(H and I) The mRNA (H) and protein (I) level of HDACS were measured by qPCR and western blotting in H1299 cells co-treated with 5-Aza-dC and
miR-589-5p inhibitor. "P<0.05.

were detected with DNA bisulfate conversion (Fig. 3A). In  (Fig. 3A). To confirm that the promoter hypermethylation of
contrast, low DNA methylation level, with 15.3% of methyl- the miR-589 gene enhances the transcriptional repression of
ated CpGs, was found in the lung epithelial BEAS-2B cells miR-589-5p and then increases HDACS5 expression, NSCLC
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Figure 4. Upregulation of HDACS induces the expression of proliferation and EMT-related genes in NSCLC cells. (A) Heatmap representation of the relative
mRNA levels for cell cycle gene clusters, EMT gene clusters, and tumor suppressor gene clusters in BEAS-2B cells with HDACS overexpression or A549 cells
with HDACS5 knockdown. Red indicates that the gene was expressed at higher levels in treatment group compared with control; blue indicates that the gene
was expressed at lower levels in treatment group compared with control. (B and C) Relative mRNA levels (B) and protein levels (C) of the indicated genes
were confirmed by qPCR and western blotting in A549 cells with HDAC5 knockdown. "P<0.05. (D and E) Relative mRNA levels (D) and protein levels (E)
of the indicated genes were confirmed by qPCR and western blotting in BEAS-2B cells with HDACS overexpression. "P<0.05. (F and G) Relative mRNA
levels (F) and protein levels (G) of the indicated genes were examined by qPCR and western blotting in H1299 cells co-transfected with miR-589-5p inhibitor
and HDACS siRNA. "P<0.05.
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Figure 5. miR-589-5p/HDACS pathway regulates the proliferation of NSCLC cells. (A) At 12-60 h after co-transfection with miR-589-5p inhibitor and HDAC5
siRNA, the viability of H1299 cells were determined by the CCK-8 assay. "P<0.05 (versus control group). (B) Cell cycle profiles of H1299 cells with the same
transfection as (A) by flow cytometry. (C) The quantitative analysis for (B). "P<0.05. (D) DNA synthesis was measured by EdU incorporation assays in H1299
cells after the same transfection as (A). (E) Five visual fields under the fluorescent microscope were selected and calculated for each well. Counting was carried

out by ImageJ software. "P<0.05.

cells were treated with DNA methylation inhibitor, 5-Aza-2'-
deoxycytidine (5-Aza-dC), and the expression of HDACS5 was
analyzed. The results showed that >60% of the CpGs were
demethylated in A549 cells treated with 5-Aza-dC (Fig. 3A).
In line with this, miR-589-5p level was found to increase after
5-Aza-dC treatment (Fig. 3D and G). As expected, 5-Aza-dC
observably suppressed the expression of HDACS in NSCLC
cells, while miR-589-5p specific inhibitor weakened the
suppression (Fig. 3E, F, H and I). Therefore, these findings
suggest that silence of miR-589-5p in NSCLC is due to DNA
hypermethylation.

Upregulation of HDACS induces the expression of prolifera-
tion and EMT-related genes in NSCLC cells. Since HDACS5
has been reported to play a crucial role in tumor progression
and metastases, we examined the expression of several gene
clusters associated with cell cycle and EMT by qPCR array.
As shown in Fig. 4A, the data from qPCR array revealed that
multiple cell cycle or EMT drivers, especially E2F1, E2F3,
Twistl, MMP2, MMP9, and Vimentin, were robustly increased
in the BEAS-2B cells with HDACS overexpression, but reduced
in HDACS5-silenced NSCLC cells compared with control.
Moreover, several tumor suppressor genes were also analyzed

in the qPCR array, and their expression was repressed by
HDACS overexpression but activated after HDACS knockdown
(Fig. 4A). The results of qPCR array were further confirmed
by independent qPCR and western blotting (Fig. 4B-E). To
determine the significance of miR-589-5p/HDACS pathway in
regulating cell proliferation and EMT, the expressions of the
above factors were examined in the NSCLC cells transfected
with miR-589-5p inhibitor and HDACS siRNA. It was found
that knockdown of HDACS completely reversed the promotive
effect of miR-589-5p inhibitor on the expression of cell cycle or
EMT drivers (Fig. 4F and G). Therefore, the evidence demon-
strates that miR-589-5p/HDACS pathway plays a crucial role
in regulating the cell cycle and EMT of NSCLC cells.

miR-589-5p/HDACS pathway regulates the proliferation of
NSCLC cells. With regard to the data from Fig. 4, the effect
of miR-589-5p/HDACS pathway on cell proliferation was
explored in NSCLC cells. As shown in Fig. 5A, miR-589-5p
inhibitor boosted cell proliferation and additional knockdown
of HDACS5 completely suppressed the induced proliferation.
Cell cycle analysis indicated that inhibiting miR-589-5p led
to a significant increase in the ratio of S phase cells, but a
decrease after transfection with HDACS siRNA (Fig. 5B
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Figure 6. miR-589-5p/HDACS pathway modulates the migration and invasion of NSCLC cells. (A) Representative images from scratch assays with H1299 cells
after co-transfection with miR-589-5p inhibitor and HDACS siRNA. Scale bar, 200 ym (B) Percentage wound closure 48 h after the indicated transfection.
“P<0.05. (C) Representative images of H1299 cells with the same transfection as (A) penetrating the Matrigel in invasion assays. Scale bar, 200 ym. (D) Numbers

of invasive cells with the indicated transfection for 48 h. “P<0.05.

and C). Similarly, EdU incorporation assay revealed that the
percentage of cells with incorporated EdU was significantly
increased when treated with miR-589-5p inhibitor; however,
knockdown of HDACS impaired the effect (Fig. 5D and E). The
above results indicate a regulatory role of miR-589-5p/HDACS
pathway in the proliferation of NSCLC cells.

miR-589-5p/HDACS pathway modulates the migration and
invasion of NSCLC cells. Considering the upregulation of
EMT-related genes induced by HDACS overexpression, it is
worth studying the role of miR-589-5p/HDACS pathway in the
migration and invasion of NSCLC. It was found that suppres-
sion of miR-589-5p markedly strengthened the migratory and
invasive capabilities of NSCLC cells, whereas deprivation of
HDACS determined the reverse in the malignant phenotypes
(Fig. 6). Taken together, these findings suggest that deregula-
tion of miR-589-5p/HDACS pathway displays a critical role in
the migration and invasion of NSCLC.

Dysregulation of miR-589-5p/HDACS5 pathway promotes
NSCLC tumorigenesis. To further determine the role of
miR-589-5p/HDACS pathway in tumorigenesis, A549 cells
with stable overexpression of miR-589-5p and HDACS were
constructed and then examined by colony formation and
xenograft assays. As shown in Fig. 7A and B, overexpression

of miR-589-5p resulted in the reduction of anchorage-indepen-
dent colony formation in soft agar in A549 cells, but additional
exogenous HDACS rescued the reduction. Xenograft assay
demonstrated that overexpression of miR-589-5p significantly
decreased A549 xenograft growth in nude mice while simul-
taneous HDACS overexpression partially retrieved the growth
(Fig. 7C-E). Taken together, these data indicate a crucial role
of miR-589-5p/HDACS pathway in NSCLC tumorigenicity
in vitro and in vivo.

Discussion

Over the past decade, epigenetic dysregulation including DNA
methylation patterns, histone modifications and microRNA
regulation has been reported to result in the initiation and
progression of lung cancer (13,14). As the most studied epigen-
etic regulatory mechanism, DNA methylation plays a crucial
role in suppressing gene expression and maintaining normal
epigenetic regulatory processes (15). However, in cancer
cells, CpG islands located at the promoters of tumor suppres-
sion genes are highly methylated leading to transcriptional
repression (16). Similarly, as an important tumor suppressor
miRNA, miR-589-5p was found drastically decreased in
NSCLC compared with normal lung tissues. Further analysis
indicated that miR-589-5p silence was relevant for a strong
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Figure 7. Dysregulation of miR-589-5p/HDACS5 pathway promotes NSCLC tumorigenesis. (A) Representative images of colony formation in A549 cells
with indicated stable transfection. (B) Quantification of colony formation in (A). "P<0.05. (C) Images of tumors formed by A549 cells with indicated stable
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gain of DNA methylation in the miR-589 gene promoter.
Consistently, treatment with methylation inhibitor (5-Aza-dC)
achieved restoration of miR-589-5p expression in NSCLC
cells. Although the mechanisms underlying the promoter
hypermethylation of the miR-589 gene were not the focus of
the present study, previous studies described some putative
factors involved in deregulated DNA methylation in lung
cancer. DNA methyltransferases (DNMTs) are responsible
for producing methylated CpG and aberrant DNMT expres-
sion is implicated in the pathogenesis of lung cancer (17,18).
Upregulation of DNMTs silences different tumor suppressors
by promoter hypermethylation in lung cancer (18). Therefore,
DNA methylation has become a therapeutic target which can
be disrupted by DNMT inhibitors, such as decitabine and
5-Aza-dC (19).

In addition to DNA methylation, histone modifications
including acetylation, phosphorylation, and methylation also
contributes to epigenetic alterations in lung cancer. Although
the roles of HDAC family in tumorigenesis have not been
fully understood, HDAC inhibitors are emerging as novel
anticancer agents due to their ability to kill cancer cells by
inducing cell cycle arrest, autophagy, and apoptosis (20-22).
Here, accompanied with decreased miR-589-5p level, a higher
expression of HDACS was observed in NSCLC compared with
normal lung tissues. Further evidence showed that miR-589-5p
significantly repressed the expression of HDACS by targeting
the 3'UTR of HDAC5 mRNA in NSCLC cells. As an important
epigenetic modulator, HDACS5 promotes cell growth, migra-

tion, and invasion of breast cancer and high levels of HDACS
are closely related with poor survival in human brain cancer
patients (23,24). With regard to miR-589-5p/HDACS pathway
found in the study, it is reasonable to hypothesize that HDACS
may function as a critical target of deregulated miR-589-5p,
which promotes NSCLC aggressiveness. As expected, the
results demonstrated that HDACS5 mediated the malignant
phenotypes including proliferation, migration, invasion, and
tumorigenicity induced by silence of miR-589-5p in NSCLC
cells.

HDACS has a broad range of downstream genes, including
some important transcription factors or modulators, such
as p53, CDK, and DLL4 (25,26). The diverse functions of
HDACS depend on its downstream genes which regulate
different cellular biological processes. For this reason, we
extended our studies to examine the expression profiling of
gene clusters associated with cell cycle and EMT by qPCR
array. The screening results showed that the cell cycle and
EMT drivers were widely downregulated after depletion
of HDACS but upregulated by HDACS overexpression.
Specially, cell cycle drivers, such as E2F1 and E2F3, as
well as EMT-inducing transcription factors (EMT-TFs) like
Twistl were markedly induced after HDACS overexpression.
In lung cancer, abnormality in E2F1 expression has been
described and associated with poor patient survival (27). As a
well-known transcription factor, E2F1 transactivates various
downstream effectors, such as ribonucleotide reductase m2
(RRM2) and thymidylate synthase (TS), which lead to tumor
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proliferation in NSCLC (28,29). Of note, it was found that E2F1
could activate the transcription of DNMT3A which specially
resulted in an increased methylation level and suppression of
tumor suppressor genes (TSGs) (30). Therefore, inhibition
of miR-589-5p by DNA methylation may be maintained via
a positive feedback, miR-589-5p/HDACS/E2F1/DNMT3A
loop, in NSCLC. As a well-documented member of EMT-TFs,
Twistl has been reported to induce epithelial-mesenchymal
transition and metastasis in NSCLC (31). In addition, aberrant
expression of Twistl determines lung cancer chemoresistance
and poor survival (32). Consistent with upregulated Twistl,
Increased mesenchymal marker (Vimentin) and decreased
epithelial marker (E-cadherin) indicated HDAC5-induced
EMT.

However, in contrast with above gene clusters, the expres-
sions of TSGs were negatively regulated by HDACS in
NSCLC or lung epithelial cells. Among these TSGs, p21 and
PTEN were significantly suppressed by HDACS. Decreased
PTEN expression level, which occurs in up to 70% NSCLC
patients, is associated to lower survival (33). Loss of PTEN
expression was found to accelerate the EMT and development
of lung cancer by activating PI3K/AKT pathway (34,35). Thus,
the expression profiles of HDACS downstream effectors need
to be deeply investigated to understand the roles of HDACS in
lung cancer.

Therefore, we analyzed the effects of miR-589-5p/
HDACS pathway on malignant phenotypes, viz proliferation,
migration, invasion, and tumorigenicity. Consistent with the
above results, HDACS5 inhibition conferred the function of
miR-589-5p as a tumor suppressor in NSCLC cells. In hepato-
cellular carcinoma, knockdown of HDACS inhibits HCC cell
proliferation and tumorigenicity in nude mice (25). Besides,
suppression of HDACS sensitizes glioma cells to chemothera-
peutics by preventing EMT (36). However, overexpression of
HDACS inhibits tumor cell growth and induces apoptosis in
the osteosarcoma U20S cells (37). Thus, distinct behavior of
HDACS towards cell fate decisions in different cancer types
are worth studying in the future.

In conclusion, the present study demonstrates a poor
prognosis in NSCLC patients with high HDACS5 expres-
sion and a negative correlation between miR-589-5p and
HDACS5 in NSCLC specimens. Further analysis showed
that HDACS is directly targeted by miR-589-5p, and hyper-
methylation-mediated silence of miR-589-5p results in the
aberrant high expression of HDACS in NSCLC cells. Moreover,
miR-589-5p/HDACS pathway regulates the expression of
cell cycle and EMT-related gene clusters and consequently
determines the capabilities of proliferation, migration, inva-
sion, and tumorigenicity in NSCLC cells. Therefore, abnormal
miR-589-5p/HDACS pathway caused by hypermethylation
contributes to the aggressiveness of NSCLC.
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